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» 7j C"‘{ At tée present time radio is the only practical means of éy%//?/

[ communicating with spacecraft, In order to meet the great range of com-

| munication requirements for spacecraft in deep space, precision versa-
tile radio ground stations are needed whose design is the result of the
careful integration of many factors. Among these factors are; high gain
antennas, low noise feeds and preamplifiers, high power transmitters,
microwave frequencies, accurate timing systems, variable data rates,
logistics and the operation of stations in remote locations. The stations
are required to receive and record data, send command and control sig-
nals to the spacecraft, and to provide tracking information so that the
location of the spacecraft in space will be accurately known.

The interrelationship of the design factors with the spacecraft

|
communication requirements are presented. Station and system site .

requirements and equipment and system capabilities are developed and
illustrated by an example of present design. W/ v

1. INTRODUCTION
1.1 Typical Deep Space Exploration Project Requirements

By deep space is meant distances as far as the Moon and
beyond. Deep space exploration implies the scientific deter-
mination of the space environment and the use of these findings
in extending our knowledge of nature. For this purpose, the
United States Program for deep space exploration includes
plans for sending scientifically instrumented spacecraft to the
vicinity and the surface of the Moon and the near planets. For
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example, one of the missions of the Ranger project is to obtain
television pictures of the lunar surface which will be of benefit
to both the scientific investigation of the Moon and the manned
flights to the Moon. The Surveyor program will soft-land a
spacecraft on the Moon in such a way that it will be able to
obtain television pictures of the surface of the Moon and to
sample the surface material. The Mariner program is
designed to send spacecraft in the vicinity of the near planets to
obtain pictures of the planets and to make cis-planetary and
near-planetary measurements of fields and particles. The
Voyager program will send spacecraft to the vicinity of the
planets and will land instruments which will measure the char-
acteristics of the surface material. Later it may be possible
to return samples of the surface to the Earth for further exam-

ination.

In order to accomplish these exploration objectives it is
necessary to communicate with the spacecraft, Table 1 illus-
trates typical deep space communication requirements. Details
of these requirements will vary depending upon the mission of
the spacecraft: whether it will make a hard or soft landing,
orbit the planet or the Moon,land and return material, and
whether spacecraft storage facilities will be available for the
returning of data at a slow rate. It will be noted that Table 1
separates the communications requirements into three cate-
gories: tracking, data acquisition, and command and con’crol.>:=
Tracking means determining the position of the spacecraft from
measurements of range, direction, and velocity (Bild (Fig.) 1).
Data acquisition means the reception of telemetered measure-
ments made by sensors in the spacecraft (Bild (Fig.) 2), and
command and control is the transmission of information to the

spacecraft asking it to perform a specific function (Bild (Fig.)
3).

“This concept was presented by G. M. Truszynski of NASA in a talk,
"Space Communications" at the Seventh Annual Meeting of the Air Traffic
Control Association, Las Vegas, Nevada, Oct. 2, 1962,
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Table 1. Typical deep space communication requirements

Tracking
Injection
Position, meters
Angle, deg
Velocity, meters per sec
Midcourse
Position, meters
Angle, deg
Velocity, meters per sec
Terminal
Position, meters
Angle, deg
Velocity, meters per sec
Data Acquisition

Modulation bandwidth, kc

Signal to noise ratio, db

Time Duration (percent of mission life)

Command and Control

Modulation bandwidth, kc

Error rate

Time duration each command, sec

Command verification

Command execution verification

Lunar

100
0.5
1

10
0.05
0.01

10
0.05
0.002

Lunar
1000
35
100

Lunar

yes

yes

Planetary

100
0.5
1

10
0.05
0.01

1000
none
0.002
Planetary
6
6
50
Planetary
0.1
10_6
15
yes

yes



1.2

Basic Ground Station Requirements

At the present time radio provides the only practical means of
communicating with deep-space spacecraft, In order to main-
tain continuous communications it is necessary to provide radio
stations that are located approximately 120 deg apart on the
Earth's surface, Then as the Earth rotates, one of the stations
will always be able to receive and send radio signals to the
spacecraft (Bild (Fig.) 4). The basic ground station require-
ments therefore, are:

1.  An antenna capable of being pointed at the
spacecraft and sensitive enough to receive
very weak signals (Ref. 1).

2. Antenna feeds designed to match the polar-

| ization of the signals from the spacecraft
and which will furnish angular error signals
to the antenna servo drive mechanism.

3. Very low noise preamplifiers
A sensitive receiving system which will
match the communications equipment in the
spacecraft and which will detect, demodulate
and decommutate the signals.

5. A recording system which will satisfactorily
record the detected signals from the receiver.

6. A data system which will provide precise
timing signals and will record the required
station data which will later be used in data
reduction of the telemetry information.

7. A high-powered transmitter and frequency
synthesizer,

8. A diplexer and filters which will allow the
transmitter and receiver to transmit and
receive simultaneously on separate frequen-
cies, with no significant degradation.

9. Buildings, roads, etc. for the logistics sup-

port of the people operating the station.



10. A station site capable of being operated by
technical personnel and which is unaffected
by extraneous noises either natural or man-

made,

SITE REQUIREMENTS

The siting of a deep space radio station is one of the most important

factors in establishing a network of such stations for communications

with spacecraft in deep space. Of the almost infinite number of siting

requirements which could be listed only the most important will be

considered in this paper. No attempt will be made to list them in the

order of priority.

2.1,

Logistics, Area and Noise Requirements

Of prime importance in the location of any deep space tracking
station is the requirement that it be capable of being supported
by the people who will operate it, This generally requires that
the stations be located within one hour's driving time of a major
city where the operational personnel and their families can
obtain satisfactory living accommodations. This includes rec-
reation, police and fire protection, shopping centers, schools,
etc. Although it is possible to furnish most of these require-
ments as part of the logistics support to a remote location,
experience has shown that it is difficult to recruit qualified
technical personnel to live at areas areas remote from large

urban facilities.

Local roads must be hard-surfaced, all-weather roads capable
of carrying large freight trucks with loads up to 20 tons, The
roads should have no obstructions such as tunnels or bridges
which will prevent the transportation of large items of equip-
ment, It is highly desirable that daily air service be available
to international air connections, Communications must be
available to an international communications service which is
capable of furnishing a minimum of two voice channels and three

{ull-period teleprinter circuits,



A satisfactory site should be large enough to accommodate the
buildings and the antenna including a location for a collimation
tower which may be as far as 1 or 2 miles from the antenna.
This site should be available for purchase or long-term lease
and should be located in a bowl in the hills or mountains which
will shield it from all sources of man-made interference (Ref.
2). The bowl should not have a horizon mask greater than 5-6
deg in any direction. Itis also desirable, in most instances,
that areas for several contiguous sites for other antennas be
available. The area should not be subject to extremes of
weather, such as hurricanes, tornadoes or high prevailing
winds, or excessive temperatures; nor should it be subject to
tidal waves or earthquakes over 3° Richter. The soil should
have good drainage and be capable of sup orting hiavy mechan-
ical structures and buildings. Itis also’ i)ip‘—bnt that the site
be free of any scheduled or proposed aircraft routes, These
major site requirements are surmmarized in Tables 2 and 3,
Location

m::mtennas generally will have polar m

desirable locate them within £40° latitu The longitude

ts, it is

of the Launch Facility. nited States this, of course, is

Cape Canaveral, Flori cecraft launched from this

the South Aglkfntic and South Africa. This r jres that our

Bild (Fig.) 5 shows on a map of the World the three sites for the
deep space stations selected to support the United States deep
space exploration projects, These locations are near Goldstone,
California; Johannesburg, South Africa; and Woomera, Australia.
On the map are irregular circles which indicate the ground dis-
tance over which the station can communicate with the spacecraft
when it is at a given altitude., It will be noted that when the

spacecrait reaches an altitude of about 10, 000 miles the station
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11.

12.
13,
14,

Table 2. Major site requirements for a Deep Space
Communication Station

Logistic requirements (Table 3)

A location within #40 deg latitude and 120 *+10 deg longitude from
other deep space stations

An area of approximately 10 acres obtainable by purchase or long-
term lease

An area of at least 250 sq yd for a collimation tower, located 1-2 mi
from the antenna and available by a surfaced road.

A location shielded by hills or mountains from all sources of man-
made radio interference, such as radar, radio and television stations,
cities, main roads, high voltage transmission lines, etc.

A horizon mask not greater than 5 deg in all directions

A surface that is essentially level with good drainage

A location that is not subject to tidal waves or earthquakes above 3
deg Richter

A subsoil that is stable and solid enough to support heavy structures
A soil that is capable of sewage disposal through use of septic tanks
and cesspools

Weather that is .mild with no extremes and no high prevailing or
gusty winds, a minimum number of thunder and hailstorms, cyclones,
tornadoes and hurricanes, a low rain and snow fall, and a mild
temperature and humidity range

An adequate source of potable water at a reasonable cost

A location outside the path of scheduled aircraft routes

Agreements for means of controlling RF interference caused by

governmental and civilian radio, radar, etc.



Table 3.

Major logistic requirements for a Deep Space
Communication Station

One hour's driving time or less to a city which can furnish the

following facilities
1.

O 0 N s bk N

10.
11.
12.
13.
14,

15.

Three hour!

to about 60 families and 40 transient workers:
Housing, obtainable by renting or by purchase

Stores of all kinds

Police and fire protection

Schools

Entertainment

Medical, dental, and legal facilities

Local transportation and communication facilities
Hotels

Roads, all-weather graded, capable of carrying trucks
with 20-ton loads

Daily air service to international air terminals

Rail or heavy truck service to a major seaport
Rental aircraft

Rental automobiies and trucks

Telephone and teleprinter circuits to an international
communication carrier

Skilled and unskilled labor

s driving time or less to a city which can furnish the

following additional support:

1.

2.
3.
4

Heavy construction facilities

Fuel, diesel and gasoline

Engineering service: architectural, geological, etc.
Parts fabrication and repair shops: mechanical, elec-

tronic, diesel, etc.



coverage circles over each other, thus allowing 24-hour-a-day
Bild (Fig.) 6 shows the rela-

tionship between the ground distance from the station to the sub-

coverage for a given spacec

vehicle point at beginning of visibility and the elevation angle
above the horizon in degrees for different spacecraft altitudes.
The tracking and data acquisition of spacecraft from the time of
launch until it is acquired by one of these permanent deep space
stations is accomplished either by fixed or portable stations
located down-range from Cape Canaveral and operated by the
Atlantic Missile Range.

Operations

In tracking and obtaining data from a deep space probe on a 24-
hour-a-day-basis, each station of a three station network is
required to track and obtain data for a minimum of eight hours.
In addition to this, the station must be prepared for operations
by testing each equipment component and by calibrating all of
the instruments which measure voltages, currents, frequencies,
power, etc., which will be used in later data reduction. Our
experience shows that this time is quite variable but on the
average requires three hours for preparation and calibration and
one hour for shut-down time, This is a total of at least 12 hours
per day and on a seven-day-a-week basis requires at least two
shifts of operators, If the network is responsible for more than
one spacecraft or if installation or modification work is to be
done, additional shifts of operators will be required. Also,
since the tracking time may occur at any time during the day or
night, it is necessary to maintain very flexible working hours.
Some amenities at the station to support the operating people
are very desirable. These may include such things as food
service and dormitory facilities and should be included in any

plans for station operation.

STATION CAPABILITIES

A deep space station is essentially a precision radio tracking system

which measures two angles; rades velocity and range, and communi-

cates with a spacecraft in an efficient and reliable manner. Because
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deep space spacecraft are characterized by low angular rates,

generally low data rates, and very weak signals, the deep space

station must be designed with these characteristics in mind. Bild

(Fig.) 7 is a block diagram of a typical deep space station.

3.1 Antenna
The ground antenna is probably the most important single com-~
ponent of a deep space communication system. We depend upon
it to gather enough energy from the extremely low power den-
sity available ffom the spacecraft to override the noise input to
the receiver preamplifier. This is illustrated in Bild (Fig. ) 8
which shows that the signal power at the input of the ground

. receiver is equal to:

P_A.G.
p. - L T¥ R

R 4'rrR2

Since the space vehicle antenna area and transmitter power are
closely related to its physical size and weight the received sig-

nal power is mainly dependent upon the ground antenna gain.

Various types of antennas have been tried but the type most
universally used is the paraboloidal reflector. Itis non-
frequency selective and, within limits, provides the highest
gain for the lowest cost (Ref. 3 and 4). Because the cost of
large parabolic antennas varies m as the 2,7 power
of the diameter there is an economic limit to the size of the
antenna, and because of technical construction difficulties there
is a practical limit to its size. Present day state-of-the-art
indicates maximum gains of about 62 db using antenna diam-
eters between 85 and 250 ft and operating frequencies below 10
Ge.

effective

Thepgain of a parabolic antenna is equal to:

o (s G
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where

o
0

Diameter

Wavelength

m = Antenna efficiency (presently about 0.5 to 0. 6)
AR= Ef{fectve Andenna Avreq

A better measure of the effectiveness of an antenna than the

gain is the expression AR/TS or )\ZG/4TT7')T which is commonly

where
g ATS

= system noise temperature at the receiver input}" This

S
referred to as the figure of merit.

relates the effective area of an antenna to the system noise and

therefore includes the feed design and the circuitry losses.

Factors which must be considered in the design of antennas are:

1. Cost

2., Capability of being pointed at any specified
direction in the hemisphere and of being
driven smoothly on both axes at both side-
real and slew rates. If polar mounts are
used, the hemispherical coverage may be
reduced by the usual polar axis limitations.

3. The distortion of the parabolic reflector sur-
face and pointing reference due to tempera-
ture changes or differences (Ref. 1), wind,
rain, snow, hail, gravity, and steering
acceleration.

4, Effect of wind on the drive system due to
unbalanced forces at different antenna atti-
tudes,

5. Resonance

6. Antenna safety under extreme environmental
c}onditions.

7. Capability of measuring and adjusting the

reflector surface, the positions of the axes

D, Schuster, "“Antenna Temperaturces, " a lecture given to Jet Propulsion
Laboratory Research Conference, November, 1960
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(orthogonality, etc.), the gears and limit
switches and stops, position indicators and
feed location.

8. Freedom from back lash and "wobble. "

9. Easy and safe accessibility to operating
areas,

10. Method of aligning and measuring the align-
ment of the mechanical and RF axes and of
maintaining the accuracy of alignment.

11. Operating life.

12. Cost of maintenance and operation,

13. Reliability.

At the present time, 85-ft diameter polar-mount antennas are
used in the Deep Space Instrumentation Facility to communicate
with deep space probes, A 210-ft diameter antenna is being
designed and will be constructed at the Goldstone Tracking
Station in California. Addbenainiiinimiaianmemmrii it
oS The characteristics of the 85-ft antennas and the
anticipated characteristics of the 210-ft antennas are shown in
Table 4.

Bild (Fig.) 9 shows a typical 85-ft antenna with cassegrain cone
in use in the DSIF,

Transmitter

The ground transmitter is used in the earth-to-spacecraft com-
munications link and is used for the sending of commands and
ranging data, and to obtain two-way coherent doppler informa-
tion. Because very low noise preamplifiers are not yet avail-
able for use on spacecraft, their receivers usually have an
input noise temperature of about 2000°K and are consequently
about 16 db less sensitive than the ground receiver with a maser
input. The receiving antenna on the spacecraft is usually an
omnidirectional unit since it may be necessary to send com-

mands even when the directional antenna is not pointed towards
the Earth. The difference in gain between the % o antennas is
usually from 18-20 db. The resultant 34-36 db in

- 12 -



Table 4. Characteristics of 85- and 210-ft antennas

Diameter - 85 ft 210 ft
Mount Polar Az-El
Feed configuration Cassegrain Cassegrain
Ellipticity, db 0.7 0.7
Gain 960 Mc/s with tracking feed, db 43.0 ---
2295 Mc/s with tracking feed, db 53.0 61.0
Polarization Right circular Right circular
Beamwidth, deg (2295 Mc) 0. 35 0.15
Maximum angular rate, deg/sec 1.0 0.25
Minimum angular rate, deg/sec 0 0
Pointing accuracy, deg 0.1 0.04
Angle measurement resolution, degrees 0.002 0.002
Effective antenna noise temperature, °K 30 35

- 13 -
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sensitivity for the Earth-to-spacecraft link requires CW
transmitter powers onthe order of 10 kw and for certain-fhinms

modes, power up to 100 kw is required.

The transmitter consists of a power amplifier using a single
klystron, a modulator and exciter, a heat exchanger and a
power supply unit, The power amplifier is mounted in a cage on
the back of the antenna reflector with the output power carried
to the cassegrain feed system by means of coaxial line or wave-
guide. Power control, monitoring and safety interlock and pro-
tective equipment are also mounted in the cage. The high-
voltage power supply unit and heat exchanger which furnishes
liquid coolant to the klystron are mounted on the ground near
the antenna. The power supply unit is inside a building, while
the heat exchanger is generally outside. The exciter and mod-
ulator for the power amplifier are located in the antenna con-

trol room.

The characteristics of a typical 10-kw transmitter are listed in
Table 5. Bild (Fig.) 10 shows a typical lf)ikw power amplifier
installation in an antenna and Bild (Fig.) +¥ shows a heat
exchanger. A power supply unit with the door to the rectifier
compartment open is shown in Bild (Fig.) 1;%"

Receiver and Preamplifiers

Noise is the limiting factor in communications, and it originates
from many sources both man-made and natural. This is the
primary reason for selecting the sites of deep space data acqui-
sition stations in locations which are surrounded by hills or low
mountains and are located far from man-made electromagnetic
radiation. Hills and mountains help provide shielding from
these sources. Man-made noise generally results from radio,
radar and television transmitters, automotive ignition, high-
voltage transmission lines (corona and arcing), diathermy, and
similar equipment and electrical switching. Natural noise
sources include galactic sources such as the sky background,

radio stars, Moon and the Sun, atmospheric absorption

- 14 -



Table 5. Characteristics of typical 10~-kw transmitter

Power amplifier

Klystron type

Operating frequency

Max output power

Gain

Bandwidth (broadband tuned)

Beam voltage
Beam current

Focusing magnet

Heat exchanger

Heat exchanger capacity

(135°F ambient)
Coolant rate
Static head

Coolant heater

Power supply

Input power
Output capacity

Ripple

Rectifier

70

- 15 -

Varian 833C
GRS M C
10 kw

40 db

12 Mc

12. 5 kv

2.7 amperes

Electromagnet

50 kw

27 gal/min
100 ft
15 kw

460 vac 400 cycle 3 phase 50 kva

13000 vdc at 3amp, or

20000 vdc at 2-1/2 amp

0.1 percent

3-phase vacuum tube



(primarily oxygen and water vapor), ionospheric attenuation,
storms and lightning, resistive losses in electric circuitry
such as waveguides, coaxial lines, switches, reflector sur-
face, etc., and in thermal noise of the receiver components.
Bild (Fig.) 13 is an artist's sketch of some typical noise
sources, and Bild (Fig.) 14 shows a diagram of an equivalent
noise circuit in the input of a preamplifier. Bild (Fig.) 15
shows the variation of galactic and atmospheric noise tempera-
ture sources with frequency and gives a measure of their rel-

ative intensity.

For deep space communications it is desirable to minimize the
noise from galactic and atmospheric sources. For this reason,
where possible, spacecraft trajectories are selected to avoid
the Sun, Moon and the more intense radio stars, and when the
received signal strength approaches threshold, the ground
stations are scheduled to acquire data only at the higher eleva-
tion angles. Also the communication frequencies are generally

selected to be between | and 10 gigacycles,

In order to reduce the thermal noise in the receiver input cir-
cuits, low-noise preamplifiers of the parametric and maser
types are used. The parametric amplifier reduces the thermal
noise input from about 1500° K, which is the system noise tem-
perature with a well designed low-noise receiver input circuit,
to about 200° K, which is the system noise temperature with the
usual uncooled parametric amplifier unit. This is an 8-1/2 db
reduction in noise. Because these amplifiers must be kept at a
constant temperature, they are usually mounted in insulated
boxes which are atuomatically refrigerated or heated. The
pump frequency powel; must be adjustable and constant at any
given value; consequently, the oscillator is usually mounted in
the temperature stabilized box along with the parametric unit,
and the voltages supplies are very carefully regulated. The
gain of the unit is kept will below the unstable point (typically

20 db insertion gain).

- 16 -



Where still lower noise temperatures are required, a maser
amplifier is used. These amplifiers result in system noise
temperatures of about 35°K and give about 7 1/2 db improve-
ment in noise over the parametric amplifier. However, these
amplifiers are very sensitive to the bath temperature of’the
ruby crystal, and their performance deteriorates rapidly when
the temperature goes above 4.5° to 5°K. Normally the crys-
tals are in liquid helium which in turn is suyrounded by liquid
nitrogen. Because liquid helium is nocc\/‘\ta‘.'\g‘ﬁable outside of the
United States, it was necessary to develop some other means
of maintaining the maser at a low temperature. For this pur-
pose a helium closed-cycle refrigerator system has been devel-
oped which will maintain a ruby crystal at a temperature of
4.2°K. These units will be used at all our ground tracking

stations.

Single-cavity maser amplifiers have bandwidths of 0.5 to 3.0
Mc. Where wider bandwidths are required it is necessary to
use a traveling-wave type maser which has a bandwidth of about
15 Mc. Also the gain of single-cavity masers is about 20 db,
and where the ultimate in receiver sensitivity is required, itis
necessary to use a parametric amplifier between it and the
receiver, Traveling wave masers have gains over 30 db, and
it is not considered necessary for them to be followed by para-

metric amplifiers.

Table 6 shows the characteristics of both parametric and maser

amplifiers.

Bild (Fig.) 16 is a cutaway diagram of a 960-Mc maser ampli-
fier; Bild (Fig.) 17 shows a maser installed in a cassegrain
cone; Bild (Fig.) 18 shows the maser control equipment instru-
mentation system; and Bild (Fig.) 19 illustrates a parametric

amplifier installed near the focal point of an 85-ft antenna.
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Table 6.

Freguency

i Parametric amplifier

Gain, normal, db
Bandwidth, Mc

Noise temperature, deg K

Pump frequency, Gigacycle
Temperature, stabilized (ambient -23 to +55°C

Maser amplifier
Gain db
Bandwidth, Mc (3 db)

Noise temperature, deg K

Voltage standing wave ratio (input or output)

- 18 -

Amplifier characteristics (Ref. 10, 11, 12)

960 Mc

20
10
100-130
17.4°
30°C

Cavity
20
0.67
25

2295 Mc

20
25
130-170
17. 4
30°C

T. W,
36
15
13

<l.5



3.

The preamplifier amplifies the energy received from the
spacecraft transmitter by the antenna and feeds it to the input of
the radio receiver. Automatic phase control receivers are
used because they make it possible to use very narrow band-
widths and synchronous detection and still follow gross freq;%ncy
change due to doppler, etc. The receiver is usually a two-
stage superheterodyne with the phase of the local oscillator
automatically adjusted to be in quadrature with the phase of the
input signal. RF outputs from the receiver are used to detect
the doppler frequency by comparison with station-generated
reference frequencies, to detect angle error signals coherently
for controlling the pointing of the antenna and to detect telemetry
and range code modulation of the RF carrier (Ref. 7). Partic-
ular care is taken to provent RF leakage and cross talk between

receiver components and other station equipment,

Due to the loss that would be incurred in trying to carry the mod-
ulated RF carrier from the antenna feed over several hundred
feet of coaxial cable to the first mixer in the receiver, the pre-
amplifier and the first stage of the receiver are mounted on the
antenna. If the feed is at the antenna focal point, the preamp-
lifier and mixer equipment are located at the apex of the feed
quadrapod. If a cassegrain system is used, the preamplifier is
mounted in the cassegrain cone, and the mixer is either mounted
there or in a box or rack fastened to the back of the reflector.
No frequency higher than ¢ 150 Mc is carried from the antenna
to the receiver in the control room. Bild (Fig.) 20 illustrates a

960 Mc receiver mounted in a rack in a tracking station.

Table 7 gives the basic characteristics of a 960-Mc phase-lock
receiver.

Data Acquisition

One of the prime purposes of a tracking and data acquisition
station is to receive and record telemetry data from the space-
craft, by recording on magnetic tape the detected output of the

receiver and forwarding this tape record to a centralized data
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Table 7. Characteristics of a 960-Mc phase-lock receiver (Ref. 9)
Nominal center frequency 960 Mc
Automatic frequency tracking range

Strong signal levels + 26 ke

Threshold signal levels x 2,6 ke
Automatic phase control effective noise

bandwidth at threshold 20 or 60 cps
Effective system noise temperature

Parametric preamplifier 200°K

Maser and parametric preamplifier 50°K
Threshold carrier level (phase lock cannot

be maintained) BW =20 cps

Parametric amplifier -162 dbm

Maser and parametric amplifier -167 dbm
Maximum frequency tracking rate BW =20cps

Strong signal level (30 deg phase error) 336 cpsps

Threshold signal level (6 deg phase error) 5. 8 cpsps
Dynamic signal level range -50 dbm to threshold

Static gain error over dynamic signal level
range 6 db max

Intermediate frequencies

First 30 Mc

Second 455 kc
Intermediate frequency amplifier half power

bandwidths

First 2 Mc

Second 2 ke

“Inciudes recelver, transinission line, feed and antenna pointing at

quiet sky.
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processing center where the data is separated, collated, and
referenced to calibration signals and made available for ana-
lysis. However, in order to compute midcourse and terminal
maneuver requirements and to watch over the condition of the
spacecraft, it is necessary to select certain telemetry signals
and send them immediately to the operations center. This is
done by installing at each station demodulation and decommuta-
tion equipment which is especially designed to match the type of
modulation and commutation being used on the spacecraft. After
decommutation the selected telemetry signals are encoded in
teletype code and transmitted by teletype to the operations cen-

ter.

Besides the detected signal from the receiver, basic station
data is also recorded on the magnetic tape. This includes such
items as receiver static and dynamic phase error, signal
strength, automatic gain control voltage, acquisition relay sig-
nal, command signals (if any), Greenwich mean time signals,
wow and flutter tones, and voice label. Analog pen or photo-
graphic recorders are used to record special data for use by

station personnel or for later data analysis,.

When the communications system is designed to use standard
IRIG F'M telemetry, discriminators with standard channel-
selector filters are used to separate the telemetry data. When
these are used it is customary to record on the magnetic tape
the frequency of the voltage-controlled oscillators in the dis-
criminators. The magnetic tape recorders have the following
characteristics:

Speed: 1 7/8 to 60 ips (6 speeds)

Tape width: 1/2 in.

Tape reels: 10-1/2 or 14 in.

Flutter: 0.3% peak to peak cumulative from DC

to 10, 000 cps
Tracks: 7

- 21 -



Frequency response: 300 to 250,000 cps - %3 db
at 60 ips

Type recording: direct, FM, or pulse deviation.
For special projects such as television pictures etc., it is some-
times necessary to be able to record a very wide band of
frequencies. In these instances special recording facilities such
as video tape recorders or television monitors with photo-
graphic cameras are used. The video tape recorder may be
used to record the receiver intermediate frequency directly
before detection. This may be done when it is desired to elim-
inate any possibility of loss of telemetry information in the
detection process. Special precautions must be taken with the
recording of PCM data on video recorders in order not to lose
code synchronization. Bild (Fig.) 21 is a view of a typical deep
space station telemetry and recording equipment.
Tracking
A second important purpose of a tracking and data acquisition
station is to track a spacecraft so that its position in space will
be known. This is accomplished at the ground station by
measuring the angular position of the antenna with respect to
certain reference directions when it is pointing at the spacecraft,
by determining the relative velocity between the Earth and the
spacecraft by measuring the doppler frequency, and by measur-
ing the range or distance between the spacecraft and the Earth.
The antenna position is determined by two digital angle resol-
vers that aredriven by the two antenna-bearing shafts. These
angles are measured to a resolution of 0,002 deg. On polar-
mount antennas the hour angle is measured westward from the
celestial meridian with 270 deg being east, and the declination
angle is measured north or south of the celestial equator with
positive declinations being in the northern hemisphere. On Az-
El mount antennas the azimuth angle is measured eastward
from true north with 90 deg being east, and the elevation angle
is measured upwards from the horizon with 90 deg being the

zenith,
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To obtain accurate doppler measurements it is usual to
instrument the spacecraft so that its transmitted frequency is
coherent with and has a fixed ratio with respect to its received
frequency. For our L-band frequencies this ratio is 89/96;

that is, the spacecraft transmitted frequency is a nominal 960
Mc and its received frequency is 890 Mc. In the ground station
the transmitter exciter obtains its basic frequency from a
stable, spectrally pure oscillator, usually an atomic standard,
so that any effect on the doppler frequency due to oscillator
variations during the time required for radio transmission from
Earth to spacecraft and return is minimized. The two-way
doppler frequency is the difference between the ground trans-
mitter carrier frequency and the received carrier frequency
multiplied by the reciprocal of the ratio of the spacecraft trans-
mitted to received frequencies. Neglecting higher order and
relativistic terms, the velocity of the spacecraft away from the

Earth is equal to: (Ref. 13)

DC
vV =3F-D
where
D = two-way doppler frequency
F = ground transmitter carrier frequency
C = velocity of light

In actual practice the doppler frequency is measured with
respect to a frequency lower than the carrier frequency, usu-
ally one of the IF frequencies, and is then multiplied back up to
a frequency approximately that of the transmitted carrier. The
accuracy of the measured doppler frequency is primarily
dependent upon the spacecraft velocity, the time period of
counting the doppler frequency and the multiplying factor. Using
multiplying factors of 30 and a 1-min sample period, our usual
effective noise is 0.02 cps which is equivalent, at L-band

frequencies, to about 0.003 m/sec.
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Ranging may be accomplished in several different ways, but
basically it is a measurement of the time it takes for an elec-
tromagnetic wave to travel from the ground station to the space-
craft and return. In our system we make use of the cross-
correlation properties of certain binary wave forms to determine
this time unambiguously to planetary distances. The binary wave
form is a pseudorandom code whose period is greater than

the total round trip propagation time but which is generated by
synchronously combining sets of short separately acquirable codes
to make it possible to determine the correlation point in a very
small percentage of the total code period. The coded binary
waveform phase modulates the transmitter carrier, is trans-
ponded back to the ground receiver by the spacecraft, where it is
cross-correlated with a like code generated at the receiver. Our
present design uses l-psec digit periods whose relative positions
can be detected to 1/2 of a usec, which corresponds to a range
resolution of 75 meters, However, by also comparing relative
phase shifts between the transmitted and received carriers itis
possible to improve this resolution to aboutl.25 meters, The
actual range accuracy is on the order of £15 meters and is
heavily dependent upon our knowledge of the velocity of radio

waves in space (Ref. 7).

The antenna angular position signals, the doppler frequencies,
and the ranging signals are combined with signals which rep-
resent the day of the year, the Greenwich mean time of day in
hours, minutes, and seconds, and a signal which represents
the condition of the data. The combined digitally encoded sig-
nals are converted to standard Baudot 5-hole teletype code in
the automatic data handling equipment and are punched out on
paper tape at rates up to 60 characters per second. The con-
tents of this type are periodically transmitted by teletype to the
operations control center where the information is used to com-

pute the spacecraft's trajectory.

Bild (Fig.) 22 is a picture of a typical automatic data handling

equipment installation.
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3.

Command and Control

The third important function of a deep space tracking and data
acquisition station is that of command and control. The accu-
racies required of probes which are designed to explore the
Moon, planets, and deep space are such that midcourse and
terminal maneuvers are necessary. This is done by trans-
mitting signals to the spacecraft which will initiate roll, pitch,
and yaw turns and propulsion ignition and timing to an amount
calculated from tracking measurements. Itis also necessary
to send signals to the spacecraft to perform such functions as
will either prevent damage or improve reliability, will correct
malfunctions, change data rates, change the type of telemetry
information being transmitted, turn the transmitter on or off or
change its power, reorient the spacecraft or antenna, or change
antennas, The spacecraft receiver is usually instrumented to
receive coded command signals, to direct them to the command
signal decoder, and to either institute immediate action or to
store the command for future action. We presently use a binary
coded command signal with a work length which varies accord-
ing to mission requirements and which is transmitted at a rate

of one bit per second.

It is important that incorrect or false commands are not trans-
mitted because of the possibility of damaging the spacecraft or
its mission., To help prevent this from happening, "read-write-
verify" units are installed at each station. When a command
has been selected, it is sent three separate times by teleprinter
to the station where the message is read into the read-write-
verify unit and compared and verified. During the RF trans-
mission to the spacecraft a monitor receiver detects a portion
of the RF signal and compares the transmitted command bit by
bit with the command displayed and stored in the read-write-
verify unit. Transmission is inhibited if an error is detected.
Il a command is stored in the spacecraft, it is usually tele-
metered back to the transmitting station so that the actual

recelved command can be compared with the correct one. We
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customarily design the command channel to have a bit error
probability of 10_5 or less, so as to minimize the possibilities

of errors in the RF transmission link (Ref. 12).

Bild (Fig.) 23 is a picture of a read-write-verify unit.

3.7 Power
Due to the remote locations of deep space stations, primary
power is usually obtained from diesel motor generator units,
These units produce 60-cycle, 3-phase current which is
reduced by transformers to the distribution voltages of 115/208
volts. Itis desirable to have separate units furnish power for
electrical equipment and for station housekeeping functions such
as heating, air conditioning, and lighting so that sudden load
changes will not. transmit transients to the sensitive receiving
and transmitting equipment, It is also necessary to have back-
up power units for maintenance purposes and for use in case of

a failure.

The normal complement for a station with an 85-ft antenna, is

four 150 kw diesel generator sets.

Motor generator sets are used to furnish 400 cycle power to the

10 kw transmitters.
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Rl1ap Y 15 thereiore the result oI BDOUN e SPITTTT R Mt tteaimn—pme
the degign and operational capabilities of the ground station, angethe
resultanhcompromises and tradeoffs must be carefully calg# fated and

considered ¥ order to achieve maximum results,

Due to the general &ggp space communication gfquirement of low
noise levels, it is desif™ple to select freg €ncies which will have the
minimum natural and man-Mgde noised. As noted in Bild (Fig.) 15,
the galactic noise increases raphly below about 1 gigacycle, and
atmospheric noise increases apfve wQout 10 gigacycles. Deep space
frequencies therefore genegpdlly will be gtween these two values.
Frequencies now being yfed are 890 Mc EalNh-to-space and 960 Mc
space-to-Earth. Hogyfver, equipment developMents indicate
improved capabiliffes can be accomplished througMthe use of 2290-
2300 Mc spacego-Earth and 2110-2120 Earth-to-spad¢ frequencies,
and equipmepft is now being procured to change over to thgse frequen-
cies by 1365, The use of higher frequencies, e.g. X-band ¥\, 000
Mc), a4 aits an evaluation of the capabilities of equipment comMgnents

atglfese-fuequencies.

The operations control of spacecraft during launch, midcourse and
terminal maneuvers and during emergencies caused by nonstandard
operatiox;{g a single operations center. At this center are
located the deep space ground stations network operations control
center, computing facilities for calculating trajectories and look
angles, project or mission control personnel, a communications cen-
ter, and data reduction and processing equipment. The ground sta-
tions send to this center their recordings of data received from the
spacecraft both by teletype and by mail for rapid analysis of space-
craft condition and for future data reduction. For the center to per-
form its function of operations control it is necessary to have com-
munications lines, both voice and teletype, to the ground stations.
The voice lines are usually temporary and are used during launch and
maneuver operations. Commercial telephone facilities are used when
possible, but other special purpose facilities are also used if avail-

able. The teletype lines are leased commercial circuits and are
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Table 8. Tracking network capabilities

Number of stations
Number of 85-ft antennas
Tracking rate, max
Pointing error, max
Angle data

Angular resolution

Drive system

Type of feed

Polarization

System noise temperature,
Goldstone

System noise temperature,
Woomera, South Africa

Receiver

Receiver frequency

Phase-lock loop BW

First IF frequency and bandwidth

Second IF frequency and bandwidth

Transmitter power

Transmitter frequency

Two-way doppler accuracy
(60 sec intervals)

Data recorders

Analog recorders

Power

- 28 -

3

4

0.7 deg per sec

0.1 deg

Digitally encoded

0.002 deg

Hydrostatic multimotored,
multispeed servo-valve
controlled

Tracking, simultaneous lobing

Right circular

50° K

200°K

Phase lock

955-965 Mc

20 or 60 cps nominal

30 Mc, 1-2 Mc

455 ke, 1600 or 5000 cps
10 kw

890 Mc

0.003 m/sec

1/2 in. magnetic tape
36 channel photographic

4-150 kw diesel generators



operational 24 hours per day. Where transmission conditions are
difficult it is usual to have more than one routing available, Bild
(Fig.) 24 shows a diagram of the communications network presently
being used by the DSIF.

Before communications can be established with a spacecraft the
ground station must "acquire" it, This means that the antenna must
be so positioned that the spacecraft is in the main antenna beam, and
the receiver must be tuned to the received frequency. Fortunately
for deep space exploration, the location and frequency of a space-
craft are accurately known after only a few days of tracking, and the
spacecraft can be acquired easily even when the received signal
strength approaches receiver threshold. In order to aid acquisition
in the period immediately following launch, each station is equipped
with a small, wide-beam tracking antenna which is mounted on the
big antenna. When smooth tracking is accomplished with the small

a.htenna, operational control is switched to the large antenna.

Table 8 shows the basic system capabilities of a deep space tracking

network.

THE DEEP SPACE INSTRUMENTATION FACILITY

The general requirements and capabilities of a deep space ground
station and network have been described. The Deep Space Instru -
mentation Facility which was constructed to meet the requirements
for tracking, commanding, controlling and receiving data from deep
space probes launched by the United States National Aeronautics and
Space Administration is a good example of how these requirements
and capabilities have been implemented into a practical working sys-
tem. This facility has successfully tracked and received data from
spacecraft that were launched into normal and abnormal trajectories,
Tt has also demonstrated its long-range capabilities over a five-
month period by daily tracking and obtaining data from Mariner II

until it passed Venus at a distance of 36 million miles from Earth.
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The DSIF will be continually updated and improved as new equipment
and components are developed and engineered so that it will maintain
a state-of-the-art capability. Present plans for improving the deep
space communications system, which includes both the DSIF and the
spacecraft, are based on new equipment designs, circuits, and mod-
ulation methods which will, in a period of about ten years, increase

the information capability by over one Gillion times,
The DSIF consists of three stations; Johannesburg, South Africa;

Woomera, Australia; and Goldstone, United States. Pictures of

these three stations are shown in Bild (Fig.) 25, 26, 27 and 28.
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20,
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25,
26.
27.
28.

Xod 10735

Tracking of spacecraft

Data acquisition from spacecraft

Command and control of spacecraft

Deep space network station visibilities

Station coverage for 85-ft polar mount DSIF antennas at Goldstone,
Johannesburg, and Woomera

Ground distance from station to spacecraft vs elevation angle and
altitude

Typical deep space station

Received signal power from spacecraft

Typical 85-ft antenna with Cassegrain cone

Typical 10-kw power amplifier installation

10-kw heat exchanger

10-kw power supply unit

Typical noise sources

Equivalent noise circuit in preamplifier input

Variation of galactic and atmospheric noise temperature sources
(Ref. 5 and 6)

960-Mc maser amplifier

Maser installation in a cassegrain cone

Maser control equipment instrumentation system

Typical parametric amplifier installation

- Typical 960-Mc receiver

DSS telemetry equipment

DSS data handling equipment

Read-write-verify unit

Existing and future DSIF intersite communications

Goldstone Pioneer station 85-ft polar-mount antenna

Goldstone Echo station 85-ft polar-mount antenna
Johannesburg, S.outh Africa station, 85-ft polar-mount antenna

Woomera, Australia station, 85-ft polar-mount antenna
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